The genome of herpes simplex virus type-1 undergoes a high frequency of homologous recombination in the absence of a virus-encoded RecA-type protein. We hypothesized that viral homologous recombination is mediated by the combined action of the viral single-strand DNA-binding protein (ICP8) and helicase-primase. Our results show that ICP8 catalyzes the formation of recombination intermediates (joint-molecules) between circular single-stranded acceptor and linear duplex donor DNA. Joint-molecules formed by invasion of a 3' terminal strand displaces the non-complementary 5' terminal strand, thereby creating a loading site for the helicase-primase. Helicase-primase acts on these joint-molecules to promote ATP-dependent branch-migration. Finally, we have reconstituted strand-exchange by the synchronous action of ICP8 and helicase-primase.
INTRODUCTION
Homologous recombination is a fundamental biological process. It serves, among other purposes, to repair DNA damage, such as double-strand DNA breaks, or to reinitiate DNA replication at stalled replication forks. Herpes simplex virus (HSV) 1 undergoes a high frequency of homologous recombination during its replicative cycle.
One of the earliest reports on HSV recombination dates to 1955: Co-infection of chorioallantois with HSV strains of varying virulence led to recombinant progeny with altered virulence (1) . Additional proof for recombination of the HSV genome comes from the observation that the subgenomic elements, U L and U S , undergo inversion with respect to each other, generating four possible isomeric forms (2, 3, 4) . This genome isomerization appears to be a consequence of homologous recombination, rather than of a site-specific event involving cleavage at the a sequences that reside in inverted orientations at the termini of U L and U S (5) . Nevertheless, the a sequences may act as recombination hotspots. In this context, the a sequences are the sites of double-stranded (ds) DNA breaks created either by a structure-specific endonuclease 2 or during cleavage and packaging of the viral genome (6, 7) . The terminal a sequences have also been shown to be involved in the circularization of the viral genome by homologous recombination (8) .
This process occurs immediately following infection by the virus and appears to be mediated by host factors (9, 10) . The frequency of recombination has been estimated to be on the order of 0.5 -0.7% per kilo base of the viral genome (11) . Furthermore, a screen for replication-competent HSV-1 origins from a library in which particular origin elements were substituted with random sequences resulted in the isolation of wild-type origins at a frequency of 25% as a consequence of homologous recombination (12) .
Insight into the mechanism by which homologous recombination proceeds during HSV-1 replication is provided by several lines of evidence: It was shown that plasmidbased homologous recombination was dependent on replication initiated from the viral origin, oriS (13) . Furthermore, this recombination was also shown to depend solely on the seven essential viral replication genes (13) . In subsequent studies, it was shown that asequence-mediated recombination was tightly linked to DNA replication (14, 15) . These findings establish a direct role for DNA replication and DNA replication enzymes in the recombination process. This notion is supported by the presence during viral replication of highly branched DNA replication intermediates that may arise as a consequence of strand-transfer reactions (16, 17, 18) .
Escherichia coli
RecA has served as a model for understanding the enzymology of homologous recombination (19) . Many organisms, ranging from bacteriophages to yeasts to metazoans encode RecA homologs, such as UvsX, RadA, Dmc1 and Rad51 (20, 21, 22, 23 The SSB acts as an annealing protein, mediating the formation of joint-molecules (JM), in which complementary strands from donor and acceptor DNA molecules are physically linked, while the helicase-primase performs branch-migration to complete strandexchange (24) . We hypothesize that the HSV-1 SSB (ICP8) and either the replicative helicase-primase or the UL9 helicase perform analogous roles in HSV-1 recombination.
ICP8 binds preferentially to single-stranded (ss) DNA with a site-size of 10 +/-1 nucleotides (25) . In support of its role as a protein that participates in homologous recombination, it has previously been shown that ICP8 catalyzes reannealing of complementary ssDNA molecules (26) . ICP8 also acts as a helix-destabilizing protein, capable of melting DNA duplexes in a reaction that requires stoichiometric amounts of protein (27) . Furthermore, using electron-microscopy to visualize individual DNA molecules, ICP8 was shown to promote limited strand-transfer (up to 1 kilo base-pair (bp)) (28) . It should be noted that the preparation of ICP8 used in that study contained traces of a 5' -3' dsDNA exonuclease which may have generated ssDNA regions and facilitated subsequent ICP8-mediated annealing of complementary strands (28) .
HSV-1 encodes two helicases that may fulfill the role of the branch-migration enzyme. UL9 is the viral initiator protein that possesses 3' -5' helicase activity (29) . In addition, ICP8 has been shown to associate with UL9 and to stimulate its helicase activity (29, 30, 31, 32) . The viral replicative helicase is a hetero-trimeric complex that consists of a core enzyme (UL5 and UL52 subunits) possessing both 5' -3' helicase and primase activities, and a loading factor (UL8 subunit) that is required for optimal activity on ICP8-coated templates (33, 34, 35, 36) . Based on their association with ICP8, either helicase may be suitable in branch-migration. In vitro recombination assay-Joint-molecule formation and strand-exchange between homologous DNA molecules consisting of linear M13 dsDNA (donor DNA) and circular M13 ssDNA (acceptor DNA) was detected using an electrophoretic mobility shift assay as previously described (39) . Unless otherwise stated, reactions were performed as follows: dsDNA (substrates A to C) (5 µM) was preincubated with 2 µM overhang) were used in order to supply ICP8 with an appropriate loading site (25) . In each case, the strand possessing the overhang was complementary to circular M13
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ssDNA. Pairing between these substrates was measured with an electrophoretic mobility shift assay in which products exhibited reduced mobility in a non-denaturing agarose gel, as described under "Experimental Procedures".
The standard assay consisted of preincubation of 32 P-labeled donor DNA (dsDNA) with ICP8 followed by the addition of acceptor DNA (ssDNA). Prior to electrophoresis, samples were treated with proteinase K and SDS to eliminate formation of protein-DNA complexes. The properties of ICP8-catalyzed intermolecular pairing with substrate A are depicted in Fig. 2 . The ICP8 titration shows that product-formation was "all or none", indicating that the reaction is cooperative and requires stoichiometric amounts of ICP8 ( Fig. 2A) . Maximal product-formation occurred at a concentration of ICP8 required to coat 2/3 rd of the total DNA, assuming a site-size of 10 nucleotides (25), corresponding to a ratio of approximately 1 ICP8 molecule to 15 nucleotides of ssDNA. The amount of product formed was proportional to the concentration of acceptor DNA (Fig. 2B) . A 10-fold increase in acceptor DNA concentration doubled the amount of product formed, indicating that the annealing step is second-order with respect to DNA concentration as previously published (26) . At higher acceptor DNA concentrations (> 100 µM), the amount of product ceases to increase as expected presumably because the concentration of ICP8 becomes limiting. Fig. 2C shows that the extent of product-formation was dependent on the length of preincubation as well as incubation with acceptor DNA. The rate of product-formation showed a plateau at ~30 min which corresponds to the standard incubation time. Similar results were obtained with substrate B (data not shown).
An integral part of the mechanism by which ICP8 promotes intermolecular pairing appears to be its helix-destabilizing activity. Therefore, the ability of ICP8 to catalyze the destabilization of substrates A (9 nucleotide 3' overhang) and C (12 nucleotide 5' overhang) was examined. Fig. 3 shows that ICP8 mediated limited destabilization of both substrates. Importantly, the data show that ICP8 is capable of destabilizing DNA up to ~2.5 kbp in length regardless of the polarity of the overhang. It should be noted that the degree of denaturation observed in our experiments is an underestimate since we found that ~15% of the denatured DNA reannealed spontaneously during the termination reaction.
Helicase-primase acts on joint-molecules to promote strand-exchange-The
previous experiments show the ability of ICP8 to catalyze intermolecular pairing, including the formation of JM. Branch-migration is required to convert recombination intermediates (JM) into strand-exchange products (gDNA and linear ssDNA). As stated in the introduction, we hypothesize that either HSV-1 helicase-primase or UL9 participate in this step. To determine the amount of helicase-primase required for optimal branchmigration, increasing concentrations of helicase-primase were added to preformed JM.
Quantitation of the reaction products indicates that product formation was dosedependent beyond 50 nM enzyme (Fig. 5A) . It is possible that at low enzyme concentrations (<50 nM), helicase-primase is unable to efficiently interact with the ICP8-coated substrate (35) . The kinetics of branch-migration are shown in Fig. 5B . The data show that there was a concomitant increase in both reaction products (gDNA and linear ssDNA). The optimal MgCl 2 concentration for the branch-migration activity of helicaseprimase was 1.25 mM. At 4 mM MgCl 2 activity was reduced 3-fold. Similarly, branchmigration was also inhibited at concentrations of NaCl above 50 mM (data not shown).
ICP8 and helicase-primase act in concert to mediate strand-exchange-The strand-
exchange reactions performed thus far can be delineated into two parts: ICP8-catalyzed JM-formation and ICP8/helicase-primase-mediated branch-migration. Since ICP8 interacts both physically and functionally with helicase-primase (35, 36) , it is possible that the two proteins form a multi-subunit recombinase, in which both steps are coupled. This complex would be functionally analogous to E. coli RecA. Therefore, the ability of an ICP8/helicase-primase complex to mediate strand-exchange synchronously was compared to that of RecA. The data in Fig. 6 show that the ICP8/helicase-primase complex does indeed promote strand-exchange, albeit not as efficiently as RecA. Possible explanations as to the inefficiency of the reaction may be that ICP8 becomes limiting or that in the steady state, an equilibrium exists in which helicase-primase acts to drive strand-exchange but also disrupts JM by initiating 5' -3' DNA unwinding on the circular region of the JM.
DISCUSSION
Here we have demonstrated that the SSB (ICP8) and replicative helicase (helicase-primase) of HSV-1, two essential viral replication proteins, cooperate to promote strand-exchange. We have used a classical in vitro recombination assay to detect pairing and strand-exchange between homologous donor (linear dsDNA) and acceptor (circular ssDNA) molecules (39) . To initiate homologous pairing, the donor DNA needs to be processed to generate ssDNA regions that are complementary to the acceptor DNA.
We have constructed DNA substrates that possess overhangs of defined length and polarity by endonucleolytic incisions, generating short overhangs (9 -12 nucleotides)
that restrict non-enzymatic intermolecular pairing. Using such substrates, we have shown that ICP8 catalyzes pairing between complementary DNA molecules, generating recombination intermediates that are acted upon by helicase-primase to promote branchmigration and complete strand-exchange. Importantly, we have also shown that the concerted action of ICP8 and helicase-primase can promote strand-exchange.
The intermolecular pairing activity of ICP8 appears to require stoichiometric amounts of protein, consistent with the formation of a nucleoprotein filament, as seen with other recombinases (40) . However, optimal pairing activity does not require saturating concentrations of ICP8, possibly because only one strand needs to be coated.
In contrast to previous work in which the helix-destabilizing activity of ICP8 was restricted to short DNA fragments (27) , we found that ICP8 can promote extensive destabilization of fragments up to 2.5 kbp. This may be rationalized by the fact that the substrates used in our current work provided ICP8 with an appropriate loading site (25) .
To complete strand-exchange, JM formed by the action of ICP8 need to be processed by branch-migration. We hypothesized that this role may be performed by either of the two HSV-1 helicases, UL9 or helicase-primase. We find that only helicaseprimase is active in this capacity. Thus, invasion of the complementary 3' terminal strand displaces the non-complementary 5' terminal strand thereby creating a loading site for the helicase-primase to enable branch-migration. In addition, helicase-primase is suitable for this task since it has been shown to interact functionally and physically with ICP8 (35, 36) . This association is dependent on the UL8 subunit which, when omitted from our in vitro reactions, significantly decreased branch-migration activity. Our results indicate that UL9 does not support branch-migration despite its close functional and physical association with ICP8 (29, 30, 31, 32) . Conceptually, UL9 should be active on JM that possess a 3' terminal loading site (formed by the transfer of a complementary 5' terminal strand). However, it is possible that such ICP8-coated JM are not efficiently recognized by UL9, especially at coating concentrations of ICP8 (30).
Our findings are summarized schematically in Fig. 7 . Depending on reaction conditions, products consisted of either recombination intermediates (JM), when the helix-destabilizing activity of ICP8 was inhibited (Steps I and III), or strand-exchange products (gDNA and linear ssDNA), when ICP8 was allowed to completely destabilize the donor DNA duplex (Steps II and III). In both cases, pairing was presumably mediated by the renaturation activity of ICP8 (26) . To complete strand-exchange, JM formed by the action of ICP8 need to be processed by branch-migration. Transfer of a 3' terminal strand displaces the non-complementary 5' terminal strand thereby creating a loading site for the helicase-primase to enable branch-migration (Step IV). Strand-exchange products may also be generated by an additional pathway in which the combined action of helicase-primase and ICP8 on the donor DNA increases the pool of linear ssDNA available for pairing with the acceptor DNA (Sept V). It should be noted that during viral replication in vivo, some recombination may also be mediated by host enzymes.
Moreover, invasion by a 3' terminal strand would act to prime DNA synthesis, resulting in the coupling of recombination and replication, aiding in the rescue of collapsed replication forks (41) . DNA synthesis that is primed by invading strands could account for the branched intermediates that are prevalent during viral replication (16, 17, 18) .
Our results directly implicate DNA replication proteins in HSV-1 homologous recombination. We propose that an SSB (ICP8) performs an active role in HSV-1 recombination by mediating intermolecular pairing. This function is analogous to that of bacteriophage T7 SSB (gene 2.5 protein) which also acts as a pairing protein (24) . We propose that the HSV-1 helicase-primase participates in recombination by promoting branch-migration. This function would be analogous to that of the E. coli branchmigration enzymes RuvAB and RecG, which also exhibit helicase activity (42, 43) .
Similarly, the replicative helicases of T4 (gene 41 protein) and T7 (gene 4 protein) also catalyze branch-migration (24, 44) . However, in contrast to T7 helicase, which catalyzes branch-migration in the absence of its cognate SSB (45), branch-migration in HSV-1 appears to be ICP8-dependent. Processing at these sites may be carried out by the HSV-1 5' -3' exonuclease (UL12).
Following exonucleolytic processing of a DNA end, the known association between UL12 and ICP8 may serve to recruit ICP8 to promote intermolecular pairing (46) . This situation would be analogous to the mechanism of red-mediated homologous recombination in λ and related bacteriophages (47) . However, earlier studies with UL12 mutants showed that they were capable of supporting DNA replication-mediated homologous recombination and exhibited branched DNA replication intermediates that presumably arose from invading DNA replication forks (48) , indicating that homologous recombination in HSV-1 is unlikely to proceed by a red-type mechanism. Nevertheless, UL12 may participate in substrate processing.
FIGURES AND LEGENDS
Fig. 1. ICP8 catalyzes pairing between homologous DNA molecules.
Recombination products were formed using substrate A as described under "Experimental Procedures" except that electrophoresis was performed at 4. Step I:
In the presence of salts (MgCl 2 and NaCl), ICP8 promotes partial unwinding of the donor duplex DNA.
Step II: In the absence of salts, ICP8 promotes complete unwinding of dsDNA.
Step III: On supplementing complementary circular ssDNA and salts, ICP8
catalyzes the formation of a joint-molecule (JM) and/or gapped circular DNA (gDNA).
Step IV: Helicase-primase, with the aid of ICP8, acts on JM and promotes branchmigration to form gDNA and linear ssDNA.
Step V: ICP8-coated dsDNA is a suitable substrate for helicase-primase, resulting in further unwinding of the donor DNA. The asterisk indicates the position of a 5' 32 P label. 
